Euler-Euler Large Eddy Simulation (EELES) scheme has been developed to simulate the two-phase flow of argon gas and molten steel in slab continuous casting mold. The Euler-Euler approach is used to describe the equations of motion of the two-phase flow. The drag force, lift force and virtual mass force are incorporated in this model. Both turbulence of argon gas and molten steel are simulated using large eddy simulation (LES). Simulation results agree acceptably well with the water model experimental measurements of instantaneous flow structures. The flow pattern in the lower recirculation zone is expected to be asymmetrical between the left and right sides of the mold. The flow pattern is changeover; the direction of flow deviation is different from time to time. The time intervals for changeover appeared to vary randomly. The long-term asymmetry in the lower roll is due to the turbulent nature instead of the variation of other operating parameters. The turbulent flow in the mold includes multiple vortices. Those vortexes make the flow field to be more complex. Two typical transient flow structures, consisting of clockwise or counterclockwise rotational direction vortices, are found in the upper roll.
Introduction
In the continuous casting process of steel industry, argon gas is injected into the nozzle to encourage mixing, to help prevent clogging, and to promote the flotation of solid inclusion particles from the molten steel. It usually enters the continuous casting mold after injection into the submerged entry nozzle (SEN), and a lot of large bubbles will be safely escape from the top surface, but some smaller bubbles (surrounded by inclusions) either be harmfully entrapped in the shell, at the solid/liquid interface of the solidifying metal, [1] [2] [3] [4] causing pinhole defects, as shown in Fig. 1 . Understanding the behavior of molten steel-argon gas two-phase jet and molten steel flow around the jet is essential for the design of effective methods of removing small bubbles.
Two approaches are mostly used to simulate the flow in continuous casting process: the Euler-Lagrange (E-L) and Euler-Euler (E-E) approach. Detailed descriptions of the E-L and E-E models are found in previous studies. 5, 6) The E-L approach has been widely used to study the transport of inclusions and bubbles in continuous casting process. Thomas et al. 7) tracked the trajectories of individual bubbles through the molten steel in a mold using a Lagrangian approach for particle transport. The effect of the argon bubbles on the steel flow pattern was neglected, so the results only apply to low argon flow rates. Miki et al. 1, 8) used the dispersed phase model (DPM) to study the mechanism of bubbles entrapment and influence of gas bubbles on the steel flow, and the large eddy simulation was used to simulate the transient flow. Li et al. 9, 10) employed a homogeneous fluid model with variable density to tackle the molten steelargon gas flow, considering the static magnetic-field application in the continuous casting process. Whereas, Thomas et al. 11) used an E-E model to calculate the volume fraction and velocities of the argon bubble, and its effort on the molten steel flow. Creech 12) investigated the turbulent flow of molten steel and argon bubbles in the mold using the E-E © 2013 ISIJ approach in the CFD program CFX, in which one velocity field for the molten steel and a separate velocity field for the gas phase are solved. The momentum equation for each phase is affected by the other phase through interphase drag terms. Bai et al. 2, 13) used the same approach to simulate the time-averaged flow of argon bubbles in molten steel, considering only an empirical interphase drag force between molten steel and argon bubbles.
The asymmetrically distribution of defects in the slab has been found in recent flaw detection of slab. 14) However, most of the mathematical simulations reported in the literature provide time-averaged values of the turbulent flows; do not provide information about the transient flows and velocity fluctuations that are characteristic of turbulent flow phenomena. The large eddy simulation (LES) was successfully applied to obtain the asymmetrically flow of molten steel in the single phase in the mold. [15] [16] [17] [18] But there is no work published on studying the two-phase flow for argon gas-molten steel in mold using the LES.
In the present work, the EELES model is firstly used to simulate the argon gas-molten steel flow in slab continuous casting process. The Eulerian approach will be used for the description of both argon gas and molten steel phases. The drag force, lift force and virtual mass force are incorporated in the model to consider the interaction between the dispersed gas phase (argon bubble) and the continuous liquid phase (molten steel). The turbulence of the two phases can be described using LES model.
Description of Mold Structures
The continuous casting process with the vertical-bending type machine has far fewer internal defects problems than the same process with the curved type caster. However, even with the vertical-bending caster, defects are still a problem in high quality steel product.
1) When the gas bubbles penetrated to the bending part of mold, it is different for them to rise to the top surface, where they dissipate into the atmosphere, but they would be captured by the solidified shell. In order to get the more real flow information, the continuous casting mold considered strand casters have a vertical part and a bending part, as exhibited in Fig. 2 . In order to visualize the flow pattern and validate the mathematical model, a one-third-scale water model was established, including tundish, upper nozzle, slide gate, submerged entry nozzle (SEN) and casting mold. The diameter of the tiny horizontal pores used in the upper nozzle of water model is 1.0 mm. There are 24 pores around the upper nozzle. The air was injected through the tiny horizontal pores into turbulent liquid flowing vertically down the wall, as shown in Fig. 3 . The fluid properties and operating conditions used in water model and numerical simulation are given in Table 1 .
Mathematical Model Formulation
This calculation model is composed of the Euler and the LES approach. Inhomogeneous Euler-Euler approach is used to descript of both phases. The phases share this domain and interpenetrate as they move within it. Inhomogeneous multiphase flow refers to the case where separate velocity fields and other relevant fields exist for each fluid. The LES turbulence model is used to take into account the turbulence in the system. The sub-grid scale modeling is based on the Smagorinsky kernel. It should be note that the model shares the pressure field for both of fluids. The fluids interact via interphase transfer terms. Figure 4 shows the procedure details in the numerical calculation.
Governing Equations
The equations of motion for k phase in an Euler-Euler simulation are generally given as follows: 19, 20) ... The terms on the right-hand side of Eq. (2) are, respectively, representing the stress, the pressure gradient, gravity, and the momentum exchange between the phases due to interface force.
The stress term of k phase is described as follows: The calculation of the effective gas viscosity is based on the effective liquid viscosity as was proposed by Jakobsen et al. (7) where uk is the part of the velocity for k phase that will be resolved in the numerical simulations, is the instantaneous velocity and is the unresolved part of the numerical simulation. Most models derive Eqs. (1) and (2) through ensemble averaging, and represent the mean velocity and the fluctuating velocity. When Eqs. (1) and (2) are obtained through a filtering operation; these terms are, respectively, the grid scale and the sub-grid scale (SGS) velocities. In LES, large eddies are resolved directly, while small eddies are modeled.
∂ ( )
The key element in LES is the sub-grid scale model, which determines the effect of the unresolved turbulent scales (8) where CS is the model constant with a value of 0.1. S is the characteristic filtered rate of strain and is the filter width.
LES Near-wall Treatment
There is an alternative near-wall approach based on the work of Werner and Wengle, 24) who proposed an analytical integration of the power-law near-wall velocity distribution resulting in the following expressions for the wall shear stress: (9) where up is the wall-parallel velocity, are the constants based on the work of Werner and Wengle, and is the near-wall control volume length scale.
Interfacial Forces
The momentum exchange term in Eq. (2) describing the interface forces is given as follows: (10) where the terms on the right hand side of Eq. (10) are respectively forces due to drag, lift and virtual mass force, respectively. For an extensive discussion of these forces the reader is referred to the works of Deen et al. 19) and Dhotre et al. 20) The drag force is given as follows:
.......... (11) For particle Reynolds numbers, , that are sufficiently large for inertial effects to dominate viscous efforts(the inertial or Newton's regime), the drag coefficient becomes independent of Reynolds number:
........... (12) A bubble traveling through a fluid in shearing motion will experience lift force transverse to the direction of motion. The effort of shearing motion in the liquid phase on the movement of the gas phase is modeled through the lift force .............. (13) where CL is a model constant. The present work concentrates on bubbly flow regime with 2.88 mm small spherical bubbles, where only positive lift force coefficient is sufficient which can be in the range of 0.1 to 0.5. Drew and Lahey 25) proposed CL = 0.5 based on objectivity arguments. So CL is set to 0.5.
The virtual mass force accounts for relative acceleration, the additional work performed by the bubbles in accelerating the liquid surrounding the bubble. The acceleration of the liquid is taken into account through the virtual mass force, which is given by .............. (14) where the virtual mass coefficient CVM is taken to be 0.5 for individual spherical bubbles. The operators denote the substantial derivatives in the two phases.
Method of Solution
An inhomogeneous (inter-fluid transfer) model was used for Euler-Euler multiphase flow. Each fluid possesses its own flow field and the fluids interact via interphase transfer terms. For the LES, a conventional Smagorinsky sub-grid model was adapted to modeling the turbulence of the twophase. The coupled EELES equations were discretized using the finite-volume approach on a structured Cartesian staggered grid.
Grid Requirement
The mesh and time step are an inherent part of the model. LES models make use of the grid scale for filtering out the turbulence. All scales smaller than the resolution of the mesh is modeled and all scales larger than the cells are computed. Therefore, In LES is to resolve as much as possible, and to have as fine a grid as feasible for the available computer hardware. On other hand, this requirement conflicts with the fact that the computational grid should be large enough compared to the bubble diameter in order to provide significant statistical samples. In the present work, the EulerEuler approach for multiphase modeling with LES has been considered, and therefore has to consider the resolution requirements of both techniques in order to choose a satisfactory grid. For EELES, Dhotre et al. 20) indicated that the control volume size is large enough to encompass all the interface details. This was the intrinsic assumption in the derivation of the Euler-Euler model equations, and strictly has to be satisfied at the discrete level as well. They observed that relative coarse grids (ratio Δ/dg is 1.2 for the fine grid and 2.5 for the coarse grid) can be used without losing any fundamental characteristics of the flow.
In this study, we used grid size, which is larger than bubble diameter; the bubble diameter is specified according to the water model test (2.88 mm). This computational domain was discretized with a structured Cartesian grid consisting of 1.8 million cells. The time step of the simulation was 0.0005 seconds.
Numerical Details
A uniform velocity for two phases is prescribed at the inlet opening based on the casting speed, and "No Perturbations" option inlet boundary conditions for the LES model. The top surface of the mold cavity is modeled as degassing boundary conditions, which dispersed argon bubbles are permitted to escape, but the molten steel is not. A constant pressure boundary condition is used at the outlet ports in the bottom wall, where the gradients of all the other variables are set to zero. The no-slip boundary condition is employed at the wall boundaries.
Argon gas is injected into the SEN at a room temperature. It expands descending in the nozzle due to heat transfer. Thus, the argon gas injection flow rate used in the numerical model is the hot argon flow rate. Gas injection may be characterized by the average gas volume fraction ( ), which can be found from 26) . (15) where Qg is the gas injection flow rate at STP (standard temperature of 25°C and pressure of 1 atm) and Ql is the liquid flow rate through the nozzle inlet, found by multiplying the casting speed by the cross-sectional area of the strand. β is the factor of the gas volume expansion due to the temperature and pressure change, which is about 5.
11)
In addition, LES has to be run for a sufficiently long flowtime to obtain stable statistics of the flow being modeled. As a result, the computational cost involved with LES is normally orders of magnitudes higher than that for steady RANS calculations in terms of memory (RAM) and CPU time. So this paper starts by running a steady state flow simulation using a Reynolds-averaged turbulence model, standard k-ε. Run until the flow field is reasonably converged and then run LES until the flow becomes statistically steady. The best way to see if the flow is fully developed and statistically steady is to monitor solution variables (e.g., velocity components) at selected locations in the flow. Additionally, it will help in reducing the time needed for the LES simulation to reach a statistically stable mode.
A second-order-accurate central difference scheme was used for the discretization of the convection terms. The dis-
crete approximation of the transient term for the time integration was handled through the second order backward Euler scheme. The SIMPLE procedure was used for the velocity-pressure coupling. The time step of the simulation was 0.0005 seconds. The flow was simulated for 200 s and the data was monitored in the process of calculation.
Model Validation

Bubble Distribution
After fluid and bubble flow reached a steady state in water model experiment, the picture of bubble dispersion were taken using a high speed camera with 4 500 frames per second. The photograph of water-air two-phase jet is shown in Fig. 5(a) , which is obtained at a given water flow rate of 45.44 L/min and gas flow rate of 5 L/min. The white patches in the figure represent bubbles. Most of bubbles tend to float toward the top surface due to buoyancy acting on air bubbles and are subsequently removed from the mold. Large bubbles rise toward the top surface quickly, while smaller bubbles are carried deep into the mold, and the penetrating length of the smaller bubbles is lengthened. Through the image analyzing method, the sizes of bubbles were measured. The measured mean air bubble diameter in water model is 2.88 mm, as shown in Fig. 5(b) , which is approximately within the range of argon bubble in real continuous casting molds. The mean bubble size data from water model results was used as the initial mean diameter in the current mathematical model. The gas fraction distribution results are given in Fig. 5(c) . It can be seen that the distributions and penetrating length of argon gas agree well with the water model results. Most of the bubbles are crowded together in the upper region. After entering the mold with the liquid jet, the bubbles float quickly upward through the recirculation zone, and leave the top surface. Fewer and fewer bubbles stay in the jet as it travels across the mold. This agreement is remarkable, considering the crude assumptions regarding bubble shape and the lack of calibration parameters in the model.
Asymmetric Flow Pattern
Argon bubbles accumulated in the SEN are shear strained and broken down, forming smaller bubbles, and together with the molten steel entraining the mold. The long-term research of molten steel flow in the continuous casting mold shows that the bubbles can't be removed by the slag layer if their ascent rate is no faster than casting speed. They would flow together with the molten steel, and finally stranded in slab to form slab defects. The bubble distribution in casting slabs was investigated by the ultrasonic testing (UT) method at the three cross sections of slab, as shown in Fig. 6 . The UT results revealed that bubble defects (many Al2O3 adhering to the surface of a bubble) present asymmetric distribution. And they were mainly found at the 1/4 width of the slab.
Asymmetrical variations in the transient flow structure in the mold are important because they may be linked with observations of inclusion entrapment from side to side. They also may induce the serious top slag fluctuation, and the jumping of fish flow. Fluid flow and transport phenomena in casting molds are of a dynamic nature. Due to the fluctuating nature of turbulent flow, the asymmetric velocity field also provides asymmetric tracer dispersion patterns. But in most Reynolds-averaged simulations, symmetry is assumed between the flows in the two halves of the liquid pool. This assumption has been shown to be valid for longterm averages. However, transient flow in the two halves is different, as shown in Fig. 7 . Gupta et al. 27, 28) have found that the discharge of fluid at the mold exit was mostly asymmetrical, and the flow pattern was not stationary but changed over frequently. Unfortunately, there is yet no clear model for simulating the asymmetry two phase flow phenomena to occur in actual processes. Figure 7 shows the fluid flow pattern inside the water model and the actual mold (the calculation model). This photograph was obtained by black-colored dye injection against a white background, as shown in Fig. 7(a) . It can be Fig. 7(b) . The flow pattern in the experiment and that predicted by the mathematical model are qualitatively very similar. The location of lower recirculation region eye was approximately the same in the two cases, which is at the interface of vertical part and bending part of the mold. The long-term asymmetry in the lower roll is due to the turbulent nature instead of the variation of other operating parameters. Overall, the EELES model predictions match well with the water model results for asymmetry flow.
Transient Flow Structure
Flow transients influence the transport of inclusion particles and bubbles carried by the jets into the liquid pool and might be the cause for intermittent and asymmetrical defects observed in plants. To save the steel and lower costs, it is necessary to control the steel cleanliness at the transient stages. However, even under the present circumstances, the LES approach proved to be very useful to complement the experimental finding of this work.
A typical instantaneous velocity field for a casting rate of 1.8 m/min in the liquid pool is shown in Fig. 8 . Molten steel (contain many argon bubbles) emerges from the inlet port as a jet, diffuses as it traverses across the liquid pool, impinges on the narrow face, and splits into two recirculation zones consisting of complex structures. The figure shows that the liquid pool is consist of multiple vortices. In addition, those vortexes make the flow field in the mold to be more complex. Figures 9(a) and 9(b) show the closer view of the velocity structures in the upper roll at an arbitrary time of 175 and 195 seconds, respectively. At the first time (175 seconds), the jet angle in the left side of the mold is close to the horizontal, to forming an intense upper recirculation flow, whereas the right-side jet hits the narrow face and splits partly upward toward the surface and partly downward. Because the jets enter the mold with strong turbulence, a randomly high jet tends to be deflected upward, whereas a randomly down jet tends to be deflected downward. And the right-side jet rotates in a counterclockwise direction, as seen from the right side of the mold. But 20 s later (195 s), the jet rotational direction change to clockwise. This suggests that the vortex size and rotational direction change with time variation.
The three velocity fluctuation components at the mold mid-plane at two pairs of monitoring points, symmetrically located at meniscus and 336 mm below the meniscus respectively, midway from the SEN and the narrow face are shown in Fig. 10 . The pair of points (336 mm below meniscus) is located within the jets flow. The transient values were collected every 0.005 second for 200 seconds. The velocity distributions at various times show that the flow pattern is ever-changing. The difference between the rightand left-hand points is significant. The velocity fluctuations are seen to be large, with a magnitude comparable to the local mean velocities. Such an upward shift in the peak position (v velocity) is due to the buoyancy force acting on bubbles. This velocity variation is important, because the molten steel level fluctuations accompanying it are a major cause of defects in the process. Evidently, peak velocities in these cycles bring about sudden changes of shear stresses promoting radical changes of the flow pattern. This result fully shows that the molten steel turbulent field in the mold is transient and random. So the flow pattern of molten steel is changeover, but the time intervals for changeover appeared to vary randomly.
The velocity on the top surface of the mold plays an important role in the entrainment of slag. Shear flow and swirl flow at the interface of molten steel and mold flux lead to the slag entrainment. It is observed that the characteristic of large sudden "jumps" was seen in the water model exper- iment, as shown in Fig. 11(a) . It can be seen that there are a lot of large bubbles. So this phenomenon is caused by the coalescence of many smaller bubbles. Industrial observation of the top surface revealed that there are several "exposed eyes" at the top surface of the real mold, around the SEN, where is the final escape location of bubbles on the top surface, as shown in Fig. 11(b) , when the argon flow rate at STP is 15.6 L/min. Figure 12 shows the molten steel vertical velocity distribution along the center line of the meniscus at different times. The existence of positive and negative velocity value shows that the fluctuations are significant. The velocity component is mostly positive near the SEN, indicating that the flow is mostly upward with occasional downward excursions. Sharp velocity spikes are sometimes observed, and the positions are different at different times, such as point ① to point ④. The mold fluxes in these positions have a big opportunity to be pushed away and may generate an "exposed eye" of the molten steel, as shown in Fig. 11 , indicating serious reoxidation from the air and worsening slab quality. The predicted gas volume fraction distribution in the upper mold is given in Fig. 13 , obtained from the EELES model. Because of the strong buoyancy force, which is proportional to the density difference between liquid and gas, most of the gas bubbles float upward and escape from the top surface during the time that the liquid jet takes to travel from the SEN port to the narrow face wall. The escape region of many bubbles is close to the SEN, they accumulate at that location, which will induce serious surface fluctuation. Figure 14 illustrates the time history of argon volume fraction variations at the same points, which shows the similar variations to those in Fig. 10 . The signals at the two points show a mean value of ~0.01, but with significant fluctuations. And sometimes the peak value is reach up to 0.03. Long-term asymmetries of argon gas distribution are also observed between these two pairs of points in the jets.
These observations suggest that (1) the two-phase turbulent flow field is transient and random, (2) the flow pattern in the mold is expected to be asymmetrical, and (3) the longterm asymmetry in the lower roll is due to the turbulent nature instead of the variation of other operating parameters. Based on the above comparison of water model and predicted results, it is clear that the EELES model is able to predict the transient two-phase flow behavior in a continuous casting mold with reasonable success.
Conclusions
The EELES model developed in the present study has been carried out for the two-phase flow of argon gas and molten steel in a continuous casting mold. Theoretical, UT testing, and water model experimental instantaneous velocity fields have been compared. The following conclusions are concluded from this work.
(1) The EELES approach is able to predict qualitatively the instantaneous velocity fields of the two-phase flow in the mold.
(2) Large bubbles rise toward the top surface quickly, while smaller bubbles are carried deep into the mold, and the penetrating length of the smaller bubbles is lengthened. The measured mean bubble size with water model is 2.88 mm at the given flow rate.
(3) The flow pattern in both water model and this CFD model are expected to be asymmetrical. The location of lower recirculation region eye was approximately at the interface of vertical part and bending part of the mold. The two-phase turbulent flow field is transient and random, the direction of flow deviation is different from time to time. The time intervals for changeover appeared to vary randomly. The longterm asymmetry in the lower roll is due to the turbulent nature instead of the variation of other operating parameters.
(4) The turbulent flow in the mold includes multiple vortices. Those vortices make the flow field to be more complex. Two typical transient flow structures, consisting of clockwise or counterclockwise rotational direction vortices, are found in the upper roll.
(5) The final escape location of bubbles is around the SEN. Characteristic of large sudden "jumps" was also seen in the water model experiment. The mold flux in this region has a big opportunity to be pushed away and may generate an "exposed eye" of the molten steel, indicating serious reoxidation from the air and worsening slab quality.
